The atomic locations of alloying elements in some Ni-base single crystal superalloys have been investigated using Monte Carlo Simulations (MCS), and the predictions have been compared with the experimental results obtained from atom-probe field ion microscopy (APFIM). The y and ?/ phase compositions and the site occupancy of alloying elements in the y' phase at equilibrium conditions were predicted using MCS. The predictions were then compared with estimates obtained by the Cluster Variation Method (CVM) and experimental results obtained by APFIM, so as to verify the apphcability of MCS. It was found that the MCS estimations were generally in good agreement with both CVM predictions and APFIM results. For multicomponent systems, alloying elements may be classified into three general groups: (1) those which preferentially partition to the 1' phase and substitute for the Al site in the y' phase, such as Ti and Ta; (2) those which preferentially partition to the y phase and substitute for the Ni site in the y' phase, such as Co; (3) those which generally partition to the y phase and substitute for the Al site in the y' phase, such as Re, MO and W. In this paper, virtual experiments were also performed to investigate the chemistry of yi y' interlaces.
Introduction
Although nickel-base single crystal superalloys have already been developed extensively for turbine blade applications, there are continuing efforts to improve the mechanical properties of these alloys for next-generation aeroengines. The superalloys have LIZ ordered v precipitates in y matrices. Their mechanical pl-operties are thus expected to be controlled by the microstructural parameters of the two phases, such as their inherent mechanical properties, and the interaction between the two phases. It is therefore of the utmost importance to investigate the atomic configurations of alloying elements which accordingly determine the characteristics of the two phases and the mechanical properties. The Cluster Variation Method (CVM) has been applied to predict the atomic configurations of alloying elements in nickel-base superallovs(l,2). Using the CVM, the atomic location of solute atoms The Minerals, Metals&Materials Society, 1996 in both phases at equilibrium is estimated as a function of alloy composition and temperature.
The interaction between the y and y' phases also affects the mechanical properties of superalloys. It is thus important to understand the chemistry of y / y' interfaces, where atomic configurations are not expected to reach the equilibrium state. Monte Carlo Simulations (MCS) (3) have been employed to obtain such interface information. This method enables predictions of temporal and spatial evolution of the atomic arrangement, and the kinetics 01 ordering of nickel-base superalloys. An additional advantage of MCS is that, since the position of every single atom in the system is determined, three dimensional representation of the atomic configurations is possible. Therefore, the distinction between ordered and disordered regions, and the chemistry at interfaces may be visualised. However, the theoretical models will not be of practical use until the agreement between predictions and experimental results is demonstrated. In order to verify theoretical estimates obtained from MCS and CVM, experimental analysis using Atom-Probe Field Ion Microscopy (APFIM) has been carried out. APFIM, which has subnanometer spatial resolution, is a powerful tool for experimentally obtaining atomic information of materials. The main ob.jective of this study is to understand the atomic configurations of some multicomponent nickel-base superalloys by comparing the predictions of MCS with experimentally obtained APFIM results, so that a novel alloy design program, which will predict not just the atomic structure but also estimate the mechanical properties of these superalloys, may be established in the near future. In this paper, the atomic configurations at equilibrium conditions, such as the y and y' phase compositions and the site occupancy behaviour of alloying elements in the y' phase, determined by MCS, CVM and APFIM in five multicomponent nickel-base single crystal superalloys under equilibrium conditions, are compared so as to verify the applicability of MCS and CVM. Additionally, the chemistry at the y / y' interface simulated by MCS is compared with that obtained by APFIM. 
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Exnerimental
The materials investigated in this study are listed in Table I . Among these alloys, first generation CMSX2c4) and second generation CMSX4(5), provided as a 20 mm diameter bar provided by Rolls Royce plc, are in commercial use. TMS-63(6.7) and TMS-71@) were developed by the National Research Institute for Metals (NRIM) employing the regression analysis based Alloy Design Program (ADP) (6, 7, 9) . Details of thermal treatment, sample preparation and the experimental results for alloys CMSX2, CMSX4, MC2, TMS-63 and TMS-71 have been described in previous papers@Tto-13). Note that for all the alloys, the final ageing treatment was conducted at about 1313 K. The temperature of the system used for both CVM and MCS was thus set to 1313 K.
Procedure of Numerical Simulations Energy calculation
Both the CVM and MCS require appropriate modelling of atomic interactions in order to calculate total energy change in the systems. Lennard-Jones pair potentials were employed in order to simplify the numerical simulations. The Lennard-Jones pair potentials c,(r) are described by:
where T, is the interatomic distance between atomic species. i and j
for which e,(r) reaches is minimum value i.e.. e,(r) = -ei.
It has been shown by Sanchez et a1.(14) that the best values for the exponents IZ,~, m,, of the attractive and repulsive potentials of metals are 4 and 8, respectively. Details of the method for determining pair potential parameters and the procedure for the CVM are described in previous papers(t,2).
Algorithm for MCS data acauisition
For MCS, the initial structure may be generated by randomly assigning atoms to lattice sites. The kinetics of ordering may be controlled by the direct exchange of a randomly selected atom with one of its neighbouring atoms (Kawasaki dynamics(t5)). The probability W that an exchange trial is accepted is given by:
where AH is the change in energy associated with the exchange of the atoms, k is the Boltzmann's constant and T is the iabsolute temperature. AH is calculated by taking account of contributions from only the first nearest neighbour atoms. The simulations were performed on a 16x16~16 unit cell mesh (16,384 atoms) mainly for visualisation, and on a 32x32~32 unit cell mesh (13 1,072 atoms) mainly for determination of the y and 'y' phase compositions and for the investigation of the site occupancy behaviour of alloying elements in the y' phase. Periodic boundary conditions were employed. It should be noted that all the lattice positions in the system were fixed: i.e. no relaxation effects were considered in the calculation. A Hewlett Packard Model 712 / 80 workstation system was used for the calculations. The simulations were carried out until the atomic configurations were regarded as equilibrium (typically 20,000 Monte Carlo steps): the total enthalpy change of the system proved to be negligibly small after 20,000
Monte Carlo steps. Determination of y and y' nhase compositions and site occupancy behaviour in the j phase.
Although the y and y' phases may be visualised from MCS, the determination of the y and y' phase compositions requires analysis based on the identification of neighbouring atoms. Consider a selected atom: if its 1st neighbouring atoms are mainly Ni, and the second neighbouring atoms are mainly Al, the selected atom is deemed to occupy the Al site in the y' lattice. Fig. 4 shows the flow chart for the first step of analysis. Atoms which remain unidentified after step 1 are further analysed. Finally, y' regions are determined by utilizing a cluster analysis method(t@. Since all the atoms are positioned in either the Al site or Ni site when determining the y' regions, site substitution behaviour is also determined. Note that in this study, regions which are not assigned as y' regions are regarded as the y phase. Further composition analysis revealed that Ti and Ta preferentially partition into the ?/ phase while Co, Cr, W and Re have preference to partition into the y phase. CVM, ADP and APFIM analysis showed that MO tends to partition into the y phase.
Site occuuancv of alloving elements in the Y ' uhase
It is important to investigate the site occupancy of alloying elements in the ?/ phase since whether the alloying element prefers the Ni sites or the Al sites dramatically alters the y' volume fraction. Fig. 7 illustrates a simplified ternary phase diagram@) for a Ni-AI-M system (M = Ti, Cr, Co, MO, Ta etc.). It is well known that alloying elements which prefer the Al sites have the y' / y+y' phase boundary along the line AB. On the other hand, alloying elements which prefer the Ni sites have the AC phase boundary. Therefore, from this figure, it may be seen that alloy X whose composition is pointed as l may be in the y' single phase when the alloying element substitutes for the Al site, whereas it may be almost 50%~ + 50%~' two-phase structure when the alloying element substitutes for the Ni site. Hence, alloying elements which substitute for the Al site increase the y' volume fraction. Understanding the substitution behaviour of solute atoms in the y phase is thus essential in order to estimate the y' volume fraction, which is one of the main factors in determining the mechanical properties of Ni-base superalloys. In the case of a multicomponent system, however, the site preference of an alloying element might differ from that in a ternary system, due to the 'site competition' of other solute elements. Accordingly, it is difficult to determine the site occupancy in a multicomponcnt system by analysis methods such as Mijssbauer spectroscopy(t7). Layer-bylayet analysis employed in APFTM enables experimental determination of the site occupancies of alloying elements in multicomponent alloys. The detailed experimental procedure fat layer-by layer analysis of multicomponent alloys has been reported previously(t ',I*). ~,.,....,....,.,..,,...i...,,. , Discrepancy (2) is caused by the difficulty in distinguishing between the y and y' phases from MCS. As discussed above, the MCS were carried out using fixed lattice positions and identical pair potentials in both they and y' phases. In addition, the number of atoms used for the calculation may not be large enough to describe the atomic configurations of the two phases for multicomponent alloys. Superalloys containing large amount of solute elements tend to form a topologically close-packed (TCP) phase such as the p phase, which has very high concentration of W and MO. For example, it has been reported for MCZ(l*) that the p phase precipitates from the y matrix, preferentially in the region where the W level is maximum and that the p phase particles are embedded in the y' phase, and that the depletion of the matrix of elements Cr, Co and MO leads to the transformation Y + r' +p. Our MCS predictions describe these results well if we consider MO-W clusters to be the p phase.
Alternatively, the clusters might show the composition fluctuation in the y phase at which precipitation of the p phase might occur. Due to the small number of atoms which forms a cluster, the analysis algorithm regards these clusters (Re, MO) as parts of the y' phase, resulting in the fact that additional MO atoms appear to be positioned in the Al sites in the y' phase, and the neighbouring atoms regarded to be positioned in the Ni sites in the y' phase, These results may cause the discrepancies between CVM and MCS. Employing a super computer facility, which accepts the increased system size for calculation than a conventional workstation system does, may be of help to overcome some of these limitations. The authors are also examining a modified MCS algorithm employing a local relaxation parameter(t9). It should be noted, however, that semi-quantitative agreement for compositional analysis has been obtained by MCS.
In this study, it has been shown that elements such as MO, W and Re have a tendency to partition to the y phase and occupy the Al site in the ?/ phase. These alloying elements therefore cause the lattice misfit between the y and y' phases to tend towards a negative directio69) and thus, enhance the creep resistance(5s7). However, it should be noted that the addition of these elements will increase the y' volume fraction since they tend to substitute for the Al site. It is thus important to determine the optimum solute content in order to design alloys having superior high-temperature capabilities.
Chemistry change at Y / Y' interfaces
The composition changes at y / y' interfaces may be determined by APFIM analysis, since the analysis is of atoms successively fieldevaporated from the specimen surface and chemically identified. When the cumulative number of each solute atom is plotted against the total number of detected atoms in a 'ladder diagram', the horizontal axis includes depth information and the gradient corresponds to the local composition of that alloying element. When Al atoms are plotted in a ladder diagram, pure Ni-layers appear as horizontal lines whereas mixed Ni / Al layers appear as inclined lines in the ordered ?/ region. It is thus clear that the left side in Fig.  12 represents the ordered y' phase and the right represents the y phase. The composition change between the y and v phases may also be observed for Co, Cr and Ta. As discussed in the previous section, however, the composition change between the y and 1' phases in Fig.  12 is not as clear as that experimentally obtained by APFIM. It is again suggested that further investigation such as layer by, layer analysis using APFIM, MCS with a much larger system with local relaxation factor considered efc. will be of help in obtaining more detailed comparisons between the numerical simulations and the experimental results. 
